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sting by EAbstract Ni-impregnated nickel over mesoporous silica with different Ni contents has been syn-
thesized and the resulting samples were characterized by elemental analysis, N2 sorpometry at
77 K, XRD, TEM and temperature programmed reduction (TPR). The mesoporous nickel-contain-
ing materials showed both high activity and high selectivity for benzylation of benzene. More inter-
esting is the observation that this catalyst is always active and selective for large molecules like
naphthenic compounds such as methylnaphthalene and it can also be reused in the benzylation
of benzene for several times.
ª 2012 University of Bahrain. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Friedel–Crafts alkylations comprise a very important class of
reactions which are of common use in organic chemistry.
These reactions are habitually catalyzed by Lewis acids in li-
quid phase (Olah, 1973), and the substitution of liquid acids
by solid acid catalysts is a challenging task. The alkylation
of benzene by benzyl chloride is interesting for the preparation
of substitutes of polychlorobenzenes used as dielectrics. In
homogeneous phase this reaction is catalyzed at the industrial13 21247406.
.fr (M. Laribi).
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lsevierscale by AlCl3, FeCl3, BF3, ZnCl2 and H2SO4 (Olah, 1973;
Olah et al., 1985). The new environmental legislation pushes
for the replacement of all liquid acids by solid acid catalysts
which are environmentally more friendly catalysts and which
lead to minimal pollution and waste. Indeed, several solid acid
catalysts have already been proposed which are efﬁcient cata-
lysts such as: Fe-modiﬁed ZSM-5 and H-b zeolites; Fe2O3 or
FeCl3 deposited on micro-, meso and macro-porous (Choudh-
ary et al., 2002a); Fe-containing mesoporous molecular sieve
materials (He et al., 1998; Bachari et al., 2004); Ga- and Mg-
oxides and chlorides derived from Ga–Mg-hydrotalicite
(Choudhary et al., 2002b); Ga-SBA-15 (El Berrichi et al.,
2006); Ga-HMS (Bachari and Cheriﬁ, 2006a); transition metal
chloride supported mesoporous SBA-15 (Bachari and Cheriﬁ,
2006b); supported thallium oxide catalysts (Choudhary and
Jana, 2001); Sb supporting K10 (Deshpande et al., 2001);
Si-MCM-41-supported Ga2O3 and In2O3 (Choudhary et al.,
2000a); alkali metal salts and ammonium salts of keggin-type
heteropolyacids (Izumi et al., 1995); ion-exchanged clays (Cseri
et al., 1995); Cu-HMS (Bachari and Cheriﬁ, 2006c); Pt(II)
clays, Cu(II) clay, and sol–gel hybrid materials of Cu clay
(Choudhary and Misra, 2011); nanocrystalline sulfonated
titania systems (Devi et al., 2012); chrysotile-supported transi-
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CuFe2O4, NiFe2O4, CoFe2O4, ZnFeO4, MgFe2O4 (Shinde
and Sawant, 2003) for the benzylation of benzene and other
aromatic compounds.
The discovery of the new family of mesoporous silica
molecular sieves with pore diameters in the 2.0–10 nm range,
designated as M41S, is of considerable interest for heteroge-
neous catalysis and material science (Kresge et al., 1992).
Depending on the synthesis conditions, different phases could
be obtained, like the hexagonal phase MCM-41, the cubic
one MCM-48 as well as the lamellar compound MCM-50.
Furthermore, another pathway was proposed by Tanev et
al. (1994) to prepare mesoporous silicas at room temperature
by neutral templating route (S0I0). In this case, the organic
surfactant is not quaternary ammonium cation but a primary
amine, and the assembly involves hydrogen-bonding interac-
tions between neutral primary amines and neutral inorganic
precursors. These materials denoted HMS (hexagonal meso-
porous silica), reveal excellent catalytic capacity for macro
molecular reactions and suggest new opportunities for transi-
tion metal incorporation into silica frameworks. In the pres-
ent work, we report the synthesis and characterization of
such materials impregnated nickel and their test as catalysts
for the benzylation of benzene with benzyl chloride.
The kinetics of the reaction over these catalysts have been
investigated and the reaction has been extended to other sub-
strates like tolue`ne, p-xylene, anisole, naphthalene and
methylnaphthalene.
2. Experimental
2.1. Materials
Samples were synthesized with hexadecylamine (Aldrich),
tetraethyl orthosilicate (TEOS, Aldrich), nickel-nitrate (Ni
(NO3)2Æ6H2O, Merck) and ethanol (Rhoˆne – Poulenc).
2.2. Catalysts preparation
The HMS material was prepared following the pathway
reported by Tanev et al. (1994). In a representative preparation,
hexadecylamine (HDA) (0.3 mol) was added to a solution
containing water (36 mol) and ethanol (EtOH) (7 mol) and
the mixture was stirred until homogeneous. Then 1 mol of
tetraethyl orthosilicate (TEOS) was added under vigorous
stirring. This solution was then stirred at room temperature
for 24 h to obtain the products. The solids were recovered by
ﬁltration, washed with distilled water, and air-dried at 393 K.
Organic molecules occluded in the mesopores were removed
by solvent extraction. The dried precursor was dispersed in
ethanol (5 g/100 ml) and the mixture was reﬂuxed under vigor-
ous stirring for 2 h. The solid was then ﬁltered and washed with
cold ethanol. The extraction procedure was repeated twice
before drying the samples at 393 K in an oven. Finally the
samples were calcined at 823 K in air for 6 h. Impregnated
mesoporous materials Ni (%)/HMS with Ni (%) = 2 and 8
are prepared as follows: the amount of nickel nitrate is added
to 5 g of pure silica mesoporous material (HMS) and 50 g of
methanol. The mixture is agitated at ambient temperature dur-
ing 2 h, the solvent is then rapidly evaporated under vacuum
and the solid is calcined under air at 723 K overnight at a heat-
ing rate of 1 K/min.2.3. Characterization of the samples
The chemical compositions of the samples were determined by a
combination of wet chemical methods and atomic absorption
spectrometry (HITACHI Z 800). Powder X-ray diffraction pat-
terns were recorded on SIEMENS D500 diffractometer with
Cu-Ka radiation. They were recorded with 0.02 (2h) steps
and 1 s counting time per step over two angular domains from
1 to 10 (2h) and from 10 to 80 (2h). Adsorption/desorption
experiments usingN2 were carried out at 77 K on aNOVA 2000
porosimeter (Quantachrome) instrument. The N2 isotherms
were used to determine the speciﬁc surface areas and pore vol-
umes and diameters of the samples using the BET equation
and BJH theory (Garbowski and Praliaud, 1988). Transmission
electron microscopy (TEM) measurements were performed
with a Philips CM10 electron microscope operated at 100 kV.
Temperature programmed reduction (TPR) experiments were
performed with a TPDRO1100 apparatus from Thermo Quest
CE Instruments. For the TPR measurements the calcined cata-
lyst samples were pelletised, ground and sieved. Sieve fractions
of 425–850 lm were placed in a ﬁxed bed reactor and used for
analysis. A ﬂow containing 5% hydrogen and 95% argon
(Hoek Loos) was passed downward through the catalyst bed
at a rate of 20 ml min1. After water removal from the outcom-
ing ﬂow (mol sieves) hydrogen consumption was measured
using a tungsten thermal conductivity detector.
2.4. Catalytic testing
The benzylation reactions over a series of impregnated nickel
over mesoporous silicas catalysts were carried out in a magnet-
ically stirred glass reactor (25 cm3) ﬁttedwith a reﬂux condenser,
having a low dead volume, mercury thermometer and arrange-
ment for continuously bubbling moisture free nitrogen N2 (ﬂow
rate = 30 cm3 min1) through the liquid reaction mixture, at
the following reaction conditions: reaction mixture = 15 ml of
moisture-free liquid aromatic compound (or 2.5 ml of mois-
ture-free aromatic compound mixes with 12.5 ml of moisture-
free solvent) + 1.0 ml of benzyl chloride, amount of cata-
lyst = 0.1 g and reaction temperature = 353 K. The reaction
was started by injecting benzyl chloride in the reaction mixture,
containing catalyst and aromatic compound with or without
solvent. Measuring quantitatively the HCl evolved in the reac-
tion by acid–base titration (by absorbing the HCl carried out
by N2 in a 0.1 M NaOH solution containing phenolphthalein
indicator) followed the course of the reaction. The polybenzyl
chloride (which is formed by the condensation of benzyl chlo-
ride) was isolated from the reactionmixture by the procedure gi-
ven by Choudhary et al. (2000b). In all the cases, the major
product formed was mainly mono-benzylated compound along
with polybenzyl chloride as side product depending upon the
condition used. Samples were analyzed periodically on a gas
chromatograph (HP-6890) equipped with a FID detector and
a capillary column RTX-1 (30 m · 0.32 nm i.d.). The products
were also identiﬁed by GC–MS (HP-5973) analysis.
3. Results and discussion
3.1. Characterization
The results of the chemical composition and characteristics of
the catalysts are given in Table 1. The nickel compositions of
Table 1 Chemical composition and characteristics of the catalysts.
Sample Chemical analysis Surface area (m2 g1) Pore volume (ml g1) d (nm)a
Theor. content Ni (wt.%) Real content Ni (wt.%)
HMS – 1170 0.96 –
Ni (2%)/HMS 2.0 1.88 870 0.90 <2.8
Ni (8%)/HMS 8.0 7.69 812 0.83 11.3
a d is the diameter of nickel particles obtained by transmission electron microscopy (TEM).
Figure 2 DRX patterns of the Ni (%)/HMS catalysts in the
domain of 10–80 (2h). (1) Ni (2%)/HMS, (2) Ni (8%)/HMS.
44 M. Laribi et al.the solids corresponded relatively well to those ﬁxed for the
synthesis. The speciﬁc surface areas of the solids were very lar-
ger, which were typical mesoporous materials (Tanev et al.,
1994). When the nickel content increased, they decreased
slightly. In the other hand, a very narrow pore size distribu-
tion, centered on 3 nm, was calculated from nitrogen physi-
sorption data. Furthermore, a very high pore volume
(0.96 ml g1) was measured. This high value reﬂects the very
high surface area of the support.
The X-ray powder diffraction patterns of the solids showed
a broad peak at (2h) = 2.2 (Fig. 1) characterizing an amor-
phous materials not well-crystallized. The intensity of the peak
decreased slightly when the nickel content increased showing
that the addition of nickel has not a negative effect on the crys-
tallinity. At the same time, X-ray diffractograms of the solids
in the 10–80 (2h) range displaying the diffraction pattern
characteristic of nickel oxide are presented in Fig. 2. In fact,
only, the Ni (8%)/HMS displays intense and well resolved
NiO peaks, indicating that relatively large nickel oxide parti-
cles are present. TEM analyses of the catalysts indicated that
large nickel oxide particles had formed with the catalyst Ni
(8%)/HMS (11.3 nm), whereas no large nickel oxide particles
could be visualized with the Ni (2%)/HMS catalyst. Reduction
plots of the catalysts are given in Fig. 3. To enable comparison
a reduction plot of bulk NiO, obtained from Ni(NO3)2 by cal-
cination, is also included. Indeed, TPR analysis was used to at-
tain information about the reducibility of the deposited nickel
oxide of the catalysts. In the case of the catalyst Ni (8%)/HMS
two large reduction stages are observed. The large low-temper-
ature reduction stage coincides with the reduction of bulk NiO,Figure 1 DRX patterns of the Ni (%)/HMS catalysts in the
domain of 1–10 (2h). (1) Ni (2%)/HMS, (2) Ni (8%)/HMS.indicating the presence of nickel oxide with a bulk character.
As a consequence, the nickel oxide particles associated with
this reduction stage have to be rather large. Thus, the second
reduction stage is associated with the presence of very small
nickel oxide particles, stabilized by the HMS framework.
The catalyst Ni (2%)/HMS mainly contains small nickel oxide
particles, which are demonstrated by the high temperature of
reduction. Nevertheless, the very small low-temperature reduc-
tion peak points to the presence of some slightly enlarged
particles too, which are not observed with the other character-
ization techniques.Figure 3 Reduction patterns of Ni (%)/HMS catalysts and bulk
NiO: (a) Ni (2%)/HMS, (b) Ni (8%)/HMS, (c) bulk NiO.
Table 2 Catalytic properties of the catalysts in the benzylation of benzene with benzyl chloride at 348 K, Bz/BzCl ratio = 15 and
mcat = 0.1 g.
Catalyst Timea (min) Selectivity (%) Apparent rate constant ka (·104 min1)
Diphenyl methane Polybenzyl benzene
HMS – – –
Ni (2%)/HMS 483.4 100.0 – 86.2
Ni (8%)/HMS 262.3 100.0 – 174.8
a Time required for the complete conversion of benzyl chloride.
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Figure 4 The conversion vs reaction time plots for benzylation
of benzene at: (.) 343 K, (m) 348 K, (n) 353 K.
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benzylation of benzene
A comparison of the catalytic properties of the solids tested is
presented in Table 2. The pure silicic compound (HMS) was
totally inactive. The other compounds showed an activity
increasing with their nickel content. However, the selectivity
to diphenylmethane remains constant.
3.3. Reaction kinetics
The kinetic data for the benzene benzylation reaction in excess
of benzene (stoichiometric ratio Bz/BzCl = 15) over the Ni
(8%)/ HMS catalyst could be ﬁtted well to a pseudo-ﬁrst-order
rate law: Log [1/1  x]= (ka/2.303)(t  t0) where ka is the
apparent ﬁrst-order rate constant, x the fractional conversion
of benzyl chloride, t the reaction time and t0 the induction per-
iod corresponding to the time required for reaching equilib-
rium temperature. A plot of Log [1/1  x] as a function of
the time gives a linear plot over a large range of benzyl chloride
conversions.The effect of temperature on the rate was studied
by conducting the reaction at 343, 348, and 353 K under the
standard reaction conditions (stoichiometric ratio Bz/
BzCl = 15 and 0.1 g catalyst). The results showed that the cat-
alytic performances of the catalyst strongly increased with the
reaction temperature (Table 3 and Fig. 4). By contrast, the
selectivity to diphenylmethane remains approximately con-
stant. The activation energy estimated thus obtained was
96.7 kJ mol1. In fact, this value can probably suggest that
no interference of diffusional limitations is existed. Two Bz/
BzCl ratios have been investigated. The results obtained are
reported in Table 4. It appears that the stoichiometric ratio
between benzene and benzyl chloride has a strong inﬂuence
on the selectivity to diphenyl methane. With a low ratio, the
secondary reactions to dibenzyl benzenes and tribenzyl ben-
zene were favored. Results showing the inﬂuence of different
substituent groups attached to aromatic benzene nucleus on
the conversion of benzyl chloride in the benzylation of corre-
sponding substituted benzenes at 353 K over the Ni (8%)/Table 3 Catalytic activities of Ni (8%)/HMS at different temperatu
Temperature (K) Timea (min) Selectivity (%)
Diphenyl methane
343 376.4 100.0
348 262.3 100.0
353 129.8 99.3
a Time required for the complete conversion of benzyl chloride.HMS catalyst are presented in Table 5. According to the
classical mechanism of the Friedel–Crafts type acid catalyzed
benzylation reaction, the benzylation of an aromatic com-
pound is easier if one or more electron donating groups are
present in the aromatic ring (Olah, 1973). Hence, the order
for the rate of benzylation for the aromatic compound is ex-
pected as follows: anisole > p-xylene > toluene >> benzene.
But, what is observed in the present case is totally opposite to
that expected according to the classical mechanism. The
ﬁrst-order rate constant for the benzylation of benzene and
substituted benzenes is in the following order: benzene > tolu-
ene > p-xylene > anisole. This indicates that, for this catalyst,
the reaction mechanism is different from that for the classical
acid catalyzed benzylation reactions. In fact, the probable re-
dox mechanism for the activation of both benzyl chloride
and benzene by these catalysts leading to the benzylation of
benzene reaction is proposed:res: 343, 348 and 353 K, Bz /BzCl ratio = 15 and mcat = 0.1 g.
Apparent rate constant ka (·104 min1)
Polybenzyl benzene
– 115.2
– 174.8
0.7 345.6
Table 4 Inﬂuence of the stoichiometric ratio between benzene and benzyl chloride for the benzylation of benzene at 348 K over Ni
(8%)/HMS catalyst.
Benzene/benzyl chloride ratio Timea (min) Selectivity (%)
Diphenyl methane Polybenzyl benzene
5 370.4 69.5 30.5
15 262.3 100.0 –
a Time required for the complete conversion of benzyl chloride.
Table 5 Catalytic properties of substituted benzenes and
substituted naphthalene at 353 K over Ni (8%)/HMS catalyst,
Bz/BzCl ratio = 15 and mcat = 0.1 g.
Substituent Apparent
rate constant
ka (·104 min1)
Reaction
products
(Selectivity (%))
Benzene 345.6 Diphenylmethane (99.3%)
Toluene 334.0 *Para-benzylated (89%),
*Ortho-benzylated (9%)
*Meta-benzylated (2%)
p-Xylene 327.3 2,5-Di-methyl diphenylmethane
(>99%)
Anisole 305.2 *Para-benzylated (87%)
*Ortho-benzylated (11%)
*Meta-benzylated (2%)
Naphthalene 282.5 –
2-Methylnaphthalene224.5 –
Table 6 Effect of solvent on the conversion of benzyl chloride
at 353 K in the benzylation of benzene over Ni (8%)/HMS, Bz/
BzCl ratio = 15 and mcat = 0.1 g.
Solvent Timea(min) Apparent rate
constant ka (·104 min1)
Without solvent 129.8 345.6
Dichloroethane 132.5 342.1
n-Heptane 138.8 338.8
a Time required for the complete conversion of benzyl chloride.
46 M. Laribi et al.mØ-CH2ClþMnþ¢mØ-CH2Clþ þMðnmÞþ
mØ-CH2Cl
þ¢mØ-CHþ2 þmCl
MðnmÞþ þmCl ¢ Mnþ þmCl
where M=Ni; n= 2 and m= 1.
R–C6H4–HþØ-CHþ2 ¢ R–C6H4CH2-ØþHþ
Hþ þ Cl¢ HCl
The redox mechanism is similar to that proposed earlier for
the benzene benzylation and acylation reactions (Choudhary
and Jana, 2001; Cseri et al., 1995; Brio et al., 2000). Further-
more, in order to rule out the inﬂuence of a sterric effect on
the rate of reaction, we have applied the Taft relation (March,
1985). According to this relation when a sterric effect inﬂu-
ences the reaction, there is a linear relation between the rate
and the parameter Es values considered to be representative
of the size of the substituting group of the studied aromatic
compounds. Using the Es parameter tabulated by Charton
(March, 1985) we have shown that such a relation did not
exist. Furthermore, the catalyst Ni (8%)/HMS is always active
and selective for larger molecules like naphthenic compounds
such as methylnaphthalene (Table 5). The large pores of the
mesoporous support permit the conversion of these molecules
that could not be done on other supports. In conclusion, the
kinetic data for the benzene benzylation reaction have been
found over Ni (8%)/HMS catalyst. This catalyst possesses
larger amount of bulk NiO (conﬁrmed by XRD, TEM and
TPR) and provides a better catalytic activity with greater
independence to the effect of substituents. This result showsthat the bulk NiO can be admitted as the active site in this
reaction. Thus, the proposed redox mechanism for the reaction
of benzylation used in our contribution could be thoroughly
considered. Moreover, this mechanism has been supported
by Hammett relationship.
3.4. Effect of solvent
To understand the role of solvent in benzylation of benzene by
nickel-containing samples with benzyl chloride, the reaction
was carried out with different solvents, such as dichloroethane
and and n-heptane. The reaction conditions and the results of
benzene benzylation with Ni (8%)/HMS catalyst are presented
in Table 6. The conversion of the catalyst decreased in the
presence of aprotic solvent due to the interaction of negative
charge or the electron lone pair of solvent with acidic sites of
the catalyst. The reaction rate is highest in the absence of
any solvent. It is decreased when the solvent (via dichloroeth-
ane and n-heptane) is used, the decrease is quite large when n-
heptane is used as a solvent but it is small for dichloroethane as
a solvent. In conclusion, the results show that between the two
solvents, dichloroethane is a better solvent for the benzylation
reaction.
3.5. Recycling of the catalysts
The stability of the catalysts has been studied by running the
reaction successively with the same catalyst (Ni (8%)/HMS)
under the same conditions without any regeneration between
two runs. The reaction was ﬁrst run under the standard condi-
tions (benzene to benzyl chloride ratio of 15, 353 K) to the
complete conversion of benzyl chloride. Then after a period
of 10 min another quantity of benzyl chloride was introduced
in the reaction mixture leading to the same benzene to benzyl
chloride ratio. After the achievement of the second run, the
same protocol was repeated a second time. The results,
presented in Table 7, showed that the catalyst could be used
several times in the benzene benzylation process without a
signiﬁcant change of its catalytic activity.
Table 7 Effect of recycling of the catalysts in the benzylation of benzene with benzyl chloride at 353 K over Ni (8%)/HMS catalyst,
Bz/BzCl ratio = 15 and mcat = 0.1 g.
Catalyst Timea (min) Selectivity (%) Apparent rate constant ka (·104 min1)
Diphenyl methane Polybenzyl benzene
Fresh 129.8 99.3 0.7 345.6
First reuse 137.1 98.3 1.7 340.1
Second reuse 142.7 97.1 2.9 334.7
a Time required for the complete conversion of benzyl chloride.
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In conclusion, Ni(%)/HMS catalysts show remarkable activi-
ties for the benzylation of aromatics. The mechanism involves
a redox step at the reaction initiation. This gives a greater inde-
pendence to the effect of substituents, and these catalysts can
therefore be used with substrates of low reactivity. Further-
more, the large pores of the mesoporous catalyst do not limit
the size of the molecules that could be reacted.
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